1 New, non-particulate decontamination materials promise to reduce both military and civilian casualties by enabling individuals to decontaminate themselves and their equipment within minutes of exposure to chemical warfare agents or other toxic materials. One of the most promising decontaminating materials has been developed using a needlepunching nonwoven process to construct a non-particulate composite fabric of multiple layers, including an inner layer of activated carbon fabric, which is well-suited for the decontamination of both personnel and equipment. This paper describes the development of a composite nonwoven pad and compares efficacy test results for this pad with results from testing other decontamination systems. The efficacy of the dry nonwoven fabric pad was demonstrated specifically for decontamination of the chemical warfare blister agent bis(2-chloroethyl)sulfide (HD or sulfur mustard). GC/MS results indicate that the composite fabric was capable of significantly reducing the vapor hazard from mustard liquid absorbed into the nonwoven dry fabric pad. The mustard adsorption efficiency of the nonwoven pad was significantly higher than particulate activated carbon and was similar to the currently fielded U.S. military M291 kit. The nonwoven pad has several advantages over other materials, especially its non-particulate, yet flexible, construction. This composite fabric was also shown to be chemically compatible with potential toxic and hazardous liquids, which span a range of hydrophilic and hydrophobic chemicals, including a concentrated acid, an organic solvent and a mild oxidant (bleach).
Introduction
Attacks on civilians and civilian infrastructure with chemicals, such as the attack by Aum Shinrikyo in Japan with the military nerve gas sarin 1 and recent attacks by Iraqi insurgents 2 with the industrial chemical chlorine, illustrate the need for decontamination systems for both civil and military defense. These decontamination systems must address a broad range of toxic military and industrial chemicals and be available to victims within minutes of a chemical accident or incident.
These systems must also be inherently safe to use and non-corrosive if they are to be used on personnel and sensitive equipment. [3] [4] [5] [6] The need for an effective decontamination system that is capable of removing toxic chemicals and neutralizing the toxins to nontoxic byproducts has been highlighted by Lukey et al. 7 Numerous strategies exist for decontamination after exposure to a liquid chemical, from physical removal of bulk liquid to chemical decomposition of the liquid into a non-hazardous form. Current physical decontaminants are capable of removing most liquids, including most toxic chemicals, from surfaces, while current reactive chemical decontaminants reduce the hazard for a specific subset of chemicals, i.e. acids or chemical warfare agents. As a result, decontaminants that physically remove chemicals, such as diatomaceous earth and adsorbent carbon powders, have long been used in military systems for general-purpose decontamination of personnel and equipment. These powders readily disperse in the air and present respiratory hazards, both before and after they are used to decontaminate surfaces. Recently, many of the world's military organizations have fielded a reactive liquid decontamination solution (RSDL) 7 , which contains some water. RSDL is designed to reduce the hazard to personnel exposed to chemical warfare agents, such as the highly toxic nerve agents sarin (GB), soman (GD), and VX and the less toxic blister agent sulfur mustard (HD). Water is undesireable in general purpose decontamination systems as water damages sensitive materials, especially electronics. Therefore, new decontaminant approaches that are non-aqueous and devoid of loose particles are needed for personal and military equipment decontamination. 6 Lukey et al. 7 compare alternative decontamination systems, such as the particulate M291
Decontamination Kit, Sandia Foam, Reactive Skin Decontamination Lotion (RSDL),
Hypochlorite, Diphoterine and the Reactive Sponge. The M291 skin decontamination system is a particulate technology and consists of six individual pouches of carbonaceous reactive powder in a nonwoven fabric matrix. The particulate decontamination material in each pouch is a combination of adsorbent carbon, polystyrene polymer and an ion-exchange resin. The M291 kit serves the dual purpose of physical and chemical decontamination of the toxic agent. As stated earlier, the particulate nature of the powder poses potential secondary exposure health risks by creating inhalable particles and leaving particulate residues that can potentially result in secondary contamination and exposure on decontaminated areas, including skin and equipment surfaces. 7 The available liquid decontamination alternatives generally target a limited set of chemicals, i.e acids or bases or chemical warfare agents, and none are expected to decontaminate as broad a range of industrial chemicals as physical decontaminants. RSDL is a patented liquid formulation for skin decontamination. 7 Applying RSDL to skin with a cotton swab effectively decontaminates nerve agents such as VX, and some thickened agents, including thickened VX and thickened mustard, a blister agent. 7, 8 Scrubbing the skin with an RSDL soaked sponge more effectively decontaminates unthickened mustard on skin than less vigorous application of RSDL with swabs or syringes. 7, 8, 9 Additionally, RSDL leaves an oily residue on skin and can make soldiers uncomfortable while carrying out certain military activities. 7 Sandia foam, also referred to as MDF-100 foam, is a formulation of Sandia National Laboratories. When mixed at the point of application, the formulation generates a foam that changes to a liquid in 30 minutes. MDF-100 has been reported to perform well against nerve agents like GD (35 fold protective ratio) and VX (72 fold protective ratio). 7 The protective ratio is the ratio of LD 50 for cutaneous exposure in animals after and before decontamination. Lukey et al. 7 have, however, reported that other decontamination solutions are more effective and provide a greater than 100-fold protective ratio against nerve agents such as VX. Another product, Diphoterine has been reported to reduce 50 % of the mustard applied to human skin samples, which was higher than 37 % mustard reduction by soapy water and 32 % by saline, but was lower than the percentage of mustard reduction (67 -79 %) in an in vitro skin test conducted using diluted and undiluted bleach. 10, 11 In addition, Diphoterine is known to cause slight skin irritation. 7 Hypochlorite, diluted ten-fold from household bleach solution (0.5% concentration), is ineffective for agents such as VX, which require a significantly higher amount of hypochlorite for effective decontamination, but undiluted bleach solution (5% hypochlorite), which is effective for VX, is damaging to skin. 14 A composite fabric matrix with both adsorbency and absorbency promises to be a more effective decontamination medium than generic adsorptive materials such as activated carbon.
Smith el al. 13 , have indicated that the use of fabric systems is potentially advantageous for decontaminating sensitive body surfaces, including mucous membranes and wounds, in
comparison to abrasive and difficult to remove particulate decontaminants. capacities of activated carbons and higher concentrations of mesopores in the carbons. 15 In addition, the adsorption from liquid phases increases with an increase in pore diameter, which has been attributed to the larger size of molecules being adsorbed from a liquid phase. 15 Smaller pore diameters suffice for adsorption of toxic chemicals from a gaseous vapor phase. Activated carbons exhibit different adsorption dynamics when they are challenged by chemical warfare agents in vapor phases as compared to challenges by chemical warfare agents in liquid phases. Activated carbon with a microporous pore structure (pore diameter < 2 nm) is optimal for sequestering agent vapor and a mesoporous pore structure (~ 2.9 nm) is optimal for removal of liquid chemical warfare agent. 15 . Recently, there have been some developments in new reactive decontamination formulations for sponge wipes based on cholinesterase and oxidative oxime reactivity for use in skin decontamination. Gordon et al., 16 have been successful in developing polyurethane sponges with cholinesterase and other chemical warfare agent decontaminating enzymes. Their reactive sponge is a polyurethane matrix which contains immobilized cholinesterase (ChE) enzymes. 16 The reactive sponge has been found to be stable for extended periods at high temperature and can be reused due to the presence of oximes. 16 Although these sponges can detoxify and prevent secondary contamination, their efficiency can be enhanced by the presence of highly adsorbent cores, as in the case of the multilayered nonwoven pad reported in this paper. In addition, Gordon et al. 17 have evaluated the decontamination efficacy of reactive enzyme immobilized sponges for agents such as GD and VX. In comparison with other formulations containing water, such as RSDL, the reactive sponge was equally effective for VX and rather more effective in the case of GD. 17 Additionally, the reactive sponge outperformed the carbon powder wipe in the M291 kit in its decontamination potential in detoxification of GD and VX. 17 A detailed overview of the current personal protective and decontamination technologies has been provided by Ramkumar et al. 18 The above discussion illustrates the characteristics that can be optimized to develop dry pads and wipes that are efficacious for industrial chemicals as well as chemical warfare agents.
The dry pad or wipe would have both absorbent and adsorbent capabilities that remove bulk chemicals and retain toxic vapors. It is essential to find an alternate technology, which will be devoid of loose particles, will contain no free water, and be useful for both sensitive military equipment and personal decontamination. The need for such water free non-aqueous and nonparticulate dry detoxifying technologies has been recognized by the US military. 6 There has been limited information from studies with dry pads or wipes using neat chemical warfare agents and the associated efficacy of such items for their agent vapor retention capabilities.
This paper presents results on the development of a multilayered dry pad, containing a core of activated carbon adsorbent, and its retention capability for the chemical warfare agent sulfur mustard. Sulfur Mustard (HD) was chosen for initial characterization of the wipe primarily because this blister agent is less soluble in water than the more common nerve agents sarin and soman. Hence, physical absorption of bulk sulfur mustard into a wipe was expected to be more effective than destruction by any of the reactive aqueous-based decontamination alternatives described above. A dry nonwoven absorbent-adsorbent pad containing a core of activated carbon adsorbent has been developed. This non-particulate pad provides enhanced decontamination capabilities for a broad range of chemicals by both absorbing liquids and adsorbing vapors. The flexible pad can decontaminate both sensitive surfaces of the human body, including skin, mucous membranes and wounds, and surfaces of sensitive electronic equipment. 19 The dry absorbentadsorbent pad provides more decontamination functions than a regular activated carbon pad. The non-particulate and nonwoven dry pad physically decontaminates toxic mustard by absorbing the bulk liquid and capturing off-gassing vapors. The absorbent layers on the top and bottom of the core activated carbon layer quickly remove the bulk liquid chemical warfare agent when a pad is pressed against a surface. The middle nonwoven activated carbon core captures toxic vapors from the absorbed liquid. The surrounding absorbent layers also prevent the linting and shredding of activated carbon, thereby preventing secondary contamination. The dry nonwoven composite pad addresses one of the immediate requirements of the US government for military and civilian defense, 6 namely an effective decontamination system with broad application to the decontamination of both individuals and sensitive equipment. 12 The needlepunching technology provides an enhanced composite structure, both in terms of adsorption characteristics and flexibility.
Experimental Methods and

Nonwoven Composite Pad. The three-layered nonwoven composite pad was developed at
Hobbs Bonded Fibers, Waco, TX, using a manufacturing-scale needlepunching line. Viscose fibers, polyester fibers and the nonwoven activated carbon fabric were procured from three different commercial sources. The viscose fibers in the top fabric were single needlepunched (top to bottom) to provide liquid absorption capability. The middle porous activated carbon nonwoven fabric serves as the adsorbent layer. The bottom polyester fabric, prepared by single needlepunching, like the top fabric, enhances the overall structural integrity and strength of the composite.
The activated carbon nonwoven fabric was evaluated for its surface area and pore size distribution by Professional Analytical and Consulting Services, Coraopolis, PA. The multipoint BET surface area was found to be 1,071 m 2 /g and the pore size ranged from 0.5 nm to 2 nm. 22 The large surface area and small pores show that the activated carbon fibers are microporous in nature and can be effectively used to adsorb vapors.
The three layers were then needlepunched together to form the composite pad. Figure 1 shows the multilayered pad with top and bottom absorbent layers. The scanning electron micrograph of the multilayered pad (Figure 2 The details of materials used for developing the nonwoven pad are given in Table 1 . Viscose and polyester fiber details were provided by each manufacturer.
Methods. 2.3.1 Evaluating Efficacy of the Nonwoven Composite Pad.
Evaluations of the efficacy of the nonwoven composite pad were performed at the Forensic Science Center at Lawrence Livermore National Laboratory (LLNL). The nonwoven composite dry pad was initially evaluated, along with other sorbents, by measuring the relative amounts of mustard, bis(2-chloroethyl)sulfide, that would be adsorbed after being deposited on the material.
The mustard used for this evaluation was synthesized at LLNL; its purity was verified to be ≥99% containing the sorbent and the mustard were capped and held for ~24 hours, at ambient temperature, for equilibration. The headspace of each vial was sampled using a 50-μL, gas-tight, Hamilton syringe and the vapor was injected directly into a GC/MS for quantification. GC/MS analysis was performed using an Agilent 5973 GC/MS system (Agilent Technologies, Palo Alto, CA) and quantification was performed using peak areas of the m/z 109 ion of sulfur mustard.
These experiments were conducted in two sets, therefore separate controls were utilized for each set. Control 1 and the nonwoven pad analysis were performed as one set and Control 2, the M291 and the PAC were analyzed as the second set. Results for each material were normalized to the control vapor concentration in order to appropriately represent the associated reduction in vapor concentration. The calibration curve for mustard was linear in the concentration range of all the vials measured, therefore normalized GC/MS peak areas represent normalized concentrations.
Evaluating Chemical Compatibility of Dry Nonwoven Composite Pad.
Other characteristics of the composite pad were also examined. The compatibility of the composite pad with other chemicals was to assure that the use of the decontamination pad, even for unknown chemicals, is unlikely to cause harm. The compatibility tests address potential concerns about reactivity of the composite pad to bleach, especially after saturation with liquid chemical warfare agent, and the disintegration of pads when they contact aggressive acids or solvents. To check for the release of vapors containing mustard by bleach treatment after use, 4 cm 2 pads previously exposed to mustard were dipped in 10% sodium hypochlorite (bleach) and observed for any adverse reactivity, as evidenced by either heat or vapor production. To check for reactivity and disintegration during use, unexposed pieces of 4 cm 2 pads were soaked in 70% nitric acid and pxylene, an organic solvent, and observed for reactivity, heat production, and material degradation. indicates the probability that the observed differences could have arisen due to random variation.
Evaluating Liquid Absorption
For example, if p < 0.05, there is less than 5 % chance that the observed differences could be due to random variation. Similarly, both the M291 (p < 0.001) and PAC (p < 0.001) significantly increased adsorption. When the three decontamination systems were compared, adsorption efficiency of the nonwoven pad was significantly better than PAC (p = 0.041) and was similar to M291 (p = 0.952). In addition, variability among the three replicate estimates of nonwoven pad adsorption efficiency was lower than those of the three M291 and PAC replicates (Figure 4 ).
Chemical Compatibility of Dry Nonwoven
Composite Pad. Table 3 shows the results from observations of chemical compatibility of the composite pad with the three chemicals tested, in which the pad demonstrated no adverse reactivity or decomposition with either bleach, nitric acid or p-xylene.
Liquid Adsorption Capacity of Dry Nonwoven
Composite Pad. Table 4 shows the pad absorption capacity for hydrophilic (water) and hydrophobic (p-xylene) liquids. The composite pad was able to absorb fourteen times its own weight in water and eleven times it own weight in pxylene. This capacity is similar to microfiber cloth products designed for high liquid capacity (~10 times their own weight of liquid) previously evaluated.
A quantitative understanding of the specific mechanistic influence of the components of the pad on the absorption and adsorption capabilities is outside the scope of this paper. Nonetheless, the general performance of the pad can be associated with specific characteristics of the dry pad.
The viscose and polyester top and bottom layers enable wicking and absorption of bulk liquid. The overall construction of the nonwoven fabric results in a liquid holding capacity that is high compared to its weight and consistent with other microfiber cloths. The adsorption capability of the fabric is associated with the activated carbon fabric core layer and the pore size distribution of the activated carbon nonwoven fabric is well-suited for vapor adsorption and retention.
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Conclusions
Based on these initial evaluations, the development of a non-particulate dry decontamination composite pad using needlepunching nonwoven technology appears to have significant promise for the next generation of dry decontamination systems. The needlepunching nonwoven technology was shown to be capable of constructing a flexible pad with no shredding of the activated carbon core, while retaining sufficient flexibility to enter into the crevices of objects to be decontaminated. The pad has many of the characteristics desired: 1) absorption of significant quantities of bulk liquid chemicals without adverse reactivity or disintegration and 2) affinity for and capacity to adsorb and retain chemical vapor. These characteristics are important improvements over the existing technology for the military, the M291 kit. Additional testing is required to verify the performance of the composite pad on a wider array of potential threats.
The nonwoven composite fabric was evaluated here as a dry, nonreactive, pad. The fabric also has the potential to serve as a platform technology for including additional functionality to make reactive and self-cleaning pads and wipes. Nonwoven composite fabrics could also have additional forms and applications related to individual protection (e.g. clothing) or collective protection (e.g. tents). This approach to construction of the next generation of decontamination systems deserves to be seriously considered. These pads that are robust and sufficiently flexible to conform to difficult shapes and spaces, absorb large quantities of liquids, adsorb toxic vapors, and are compatible with a wide range of toxic or hazardous chemicals.
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